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Experimental efforts to characterize and develop an understanding of non Fermi 
liquid (NFL) behavior at low temperature in f-electron materials are reviewed 
for three f-electron systems: Ml-zUxPda (M = Se, Y), Ul-zThxPd:Al3, and 
UCu5_~Pdx. The emerging systematics of NFL behavior in f-electron systems, 
based on the present sample of nearly ten f-electron systems, is updated. Many 
of the f-electron systems exhibit the following temperature dependences of the elec- 
trical resistivity p, specific heat C, and magnetic susceptibility X for T << To, where 
To is a characteristic temperature: p(T) ~ 1 - aT~To, where a < 0 or > O, 
C ( T ) / T  ,~ (-1/To)In(T/bTo), and x(T)  ~ ] - e(T/To) U2. In several of the f- 
electron systems, the characteristic temperature To can be identified with the Kondo 
temperature TK. 
1. I N T R O D U C T I O N  
During the past several years, there has been a great deal of interest in a new 
class of f-electron heavy fermion materials which exhibit non Fermi liquid (NFL) 
behavior at low temperatures. These materials are Ce and U intermetallics which, 
with a few possible exceptions, have been doped with a nonmagnetic element. The 
Ce and U ions have partially-filled f-electron shells and contribute magnetic dipole 
or electric quadrupole moments which can interact with the spins and charges of 
the conduction electrons and participate in magnetic and quadrupole ordering at 
low temperatures. What is striking about these materials is the non Fermi liquid 
behavior of their physical properties which exhibit weak power law or logarithmic 
divergences in temperature and suggest the existence of a critical point at T = 
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0 K. One possible origin of the 0 K critical point is an unconventional moment 
compensation process such as a multichannel Kondo effect. Such a single ion effect 
would seem to be appropriate for systems such as YI-~U~Pda, UI_~Th~Pd2A13. 
and Lal_~C%Cu2Si~, where the NFL characteristics persist to low concentrations 
of Ce or U. Another candidate for the source of the 0 K critical point is fluctuations 
of the order parameter in the vicinity of a 0 K second order phase transition. Such 
a transition could be associated with long-range or glassy magnetic or quadrupolar 
order. Systems in which this seems to be a viable mechanism include UCna.5Pdl.s 
and CeCus.9Au0.1, in which the Ce and U sublattices are atomically ordered. 
Some of the interest in non Fermi liquid behavior in strongly correlated electron 
systems, particularly copper oxides and f-electron materials, is associated with the 
unconventional superconductivity found in these two classes of materials. In spite 
of the disparity in the values of the superconducting critical temperatures Tr which 
are as high as ~ 133 K for the copper oxide superconductors but only < 2 K for 
the f-electron heavy fermion materials, the superconducting states of both of these 
classes of materials share some striking similarities - -  the superconducting state 
appears to be anisotropic, with an energy gap that may vanish at points or lines 
on the Fermi surface, and the superconducting electron pairing may be mediated 
by antiferromagnetic spin fluctuations. An understanding of the source of the NFL 
behavior in these systems may provide important information about the electronic 
structure and excitations in these systems, as well as the origin of the unconventional 
superconductivity. 
In this paper, we describe recent experimental efforts to characterize and de- 
velop an understanding of NFL behavior at low temperature in f-electron materials. 
Experiments are reviewed for three f-electron systems: Mi-xUxPd3 (M -- Sc,Y), 
Ul_~ThxPd2A13. and UCus-xPdx. We also give an update of the emerging system- 
atics of NFL behavior in f-electron systems, based on the present sample of nearly 
ten f-electron systems. 
2. T H E  MI-~U~Pd3  (M = Sc, Y) S Y S T E M  
The MI-~UxPd3 (M = Sc, Y, lanthanide) system exhibits many interesting 
phenomena including a structural phase transition, spin-glass freezing, crystalline 
electric field (CEF) effects, Fermi level tuning, and unusual Kondo behavior. 1;2 Of 
particular interest is the Kondo behavior, which occurs at low U concentrations for 
M = Sc and Y and has low temperature properties with NFL characteristics. 
Shown in Fig. 1 is the temperature - U concentration (T - x) phase diagram 
of YI-~UxPd3 which summarizes the general behavior as a function of x. There is 
a mixed phase region for 0.6 < x < 0.8. The samples which form in the hexagonal 
Ni3Ti crystal structure (0.9 < x < 1) appear to have nonmagnetic ground states, al- 
though UPd3 has recently been studied by inelastic neutron scattering and reported 
to undergo a quadrupolar transition at 6.5 K, followed by a magnetic transition at 
4.5 K. 3 The samples which form in the cubic Cu3Au structure (O < x < 0.5) with 
higher U concentrations (0.3 < x < 0.5) exhibit spin-glass freezing below a tempera- 
ture Tsc which increases monotonically with z, as shown in Fig. 1. Such an increase 
is expected for RKKY interactions whose strength increases as ~ J2Af(EF)x where 
J is the exchange interaction parameter and Af(EF) is the density of states at the 
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Fig. 1. Low temperature - U concentration phase diagram of.Yl_~U=Pd3. From 
Ref. 2. 
Fermi level. Recent muon spin relaxation measurements on Yl-aUxPda demon- 
strate that the spin-glass order in this system can be understood in the context of 
induced moments. 4 
For 0 < x _< 0.2, YI-~U~Pd3 exhibits unusual Kondo behavior with a Kondo 
temperature TK that increases with decreasing x, as indicated in Fig. 1. This is 
consistent with the "Fermi level tuning" revealed by previous photoemission studies 
of YI-=U~Pd3, where it was found that the separation between EF and the 5f peak 
below it, ]EF - Esf], decreases with decreasing x as UPd3 is diluted with y.5 
This was interpreted as "Fermi level tuning" because substitution of trivalent Y for 
tetravalent U causes a decrease in the conduction electron density and, in turn, EF. 
Because .N'(EF) is low throughout the series (~ 1 state/eV cell6), the drop in EF 
is rather large (,-~1 eV as x decreases from 1 to 0). The nearly linear decrease in 
the binding energy with decreasing x should cause a large increase in TK since 
k ,TK  ~ EF exp(- -1 / I , ][ .M(EF))  ~ EF  exp(--[Er - EsfI/(Vk2]).M(EF.)), (1) 
where Vki is the hybridization matrix element. 
From Eq. (1) it is evident that an increase in either Vk.f or .A/'(EF) will also 
cause TK to increase. To investigate this, we substituted other trivalent elements 
for Y to form MI-=U~Pd3, including (in order of increasing ionic radius R) M = Sc, 
Y, Pr, and La. For given,U concentration x, a larger R results in a larger lattice 
parameter, as shown in Fig. 2. For a Kondo system, a larger lattice constant 
is expected to yield a smaller hybridization strength and a corresponding smaller 
TK value. Furthermore, specific heat measurements of the host MPd3 compounds 
demonstrate that .A{(EF) decreases with/{, with linear coefficients 7 = 8.20, 3.48, 
and 0.28 mJ/mol  K 2 for M = Sc, Y, and La, respectively. 7 Note the extremely 
small value of 7 for LaPd3. Thermal, transport, and magnetic measurements of 

















M,.x x,d; t ' 
, t 
i 
, , , (a)~ 












Cubic MPd 3 
Pr 
e La 
Lu ~ 4+ U3+ 
(b) 
0.8 0.9 ! .0 1.1 
Ionic radius (•) 
Fig. 2. (a) Cubic lattice parameters of MI_,U=Pd3 compounds as a function of x. 
Solid lines represent linear fits to the data, which extrapolate (dashed l ines) to  a 
common value of 4.100 i 0.005 • for hypothetical cubic UPda. 
(b) Lattice parameters of cubic MPda compounds versus ionic radius of the trivalent 
ion. With  the exception of LaPda, the data fall on a straight line. The hypothetical 
value for cubic UPda obtained from (a) (filled triangle) is consistent with U being 
tetravalent in the MI-~U=Pd3 compounds. From P~ef. 8. 
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Fig. 3. Uranium contribution to the electrical resistivity Ap(T) of SCl-xU=Pd3 
(x = 0.1, 0.2, 0.3), normalized to the extrapolated zero temperature value Ap(0), 
versus logT. Inset: Log-log plot of 1-Ap(T)/Ap(O) = a(T/TK) '~ with n = 0.940.2, 
1.4 4- 0.2, and 1.0 • 0.2 for x = 0.1, 0.2, and 0.3, respectively. From Ref. 10. 
the Ml-~UxPd3 systems are indeed consistent with Fermi level tuning in which TK 
decreases with increasing R. Sc behaves like Y, but with a larger TK for given x. 
Pr has a smaller TK, which is barely evident as an increase in p with decreasing T 
for x = 1. The La system does not display a Kondo effect at all down to at least 1 
K, for x as low as 0.1. The non Fermi liquid properties of the Kondo systems M = 
Y and Sc are summarized below. 
The observation of Fermi level tuning in cubic MI-~UxPd3 and the absence of 
Fermi level tuning in hexagonal MI-~UxPd3 (M 4+ = Zr and Th), 9 imply that U 
is tetravalent in all of these MI_=U=Pd3 compounds. Further evidence for tetrava- 
lent U comes from considering the evolution of the cubic lattice parameters of 
MI- ,U~Pd3 (M = Sc, Y, La, Pr; x _< 0.5), derived from X-ray diffraction measure- 
ments, and shown in Fig. 2. The cubic lattice parameters, plotted as a function of x 
for each of the MI-xU=Pd3 series, extrapolate to a common value of 4.100-4- 0.005/~ 
for x = 1, which represents the lattice parameter of hypothetical cubic UPd3. Com- 
parison of this value to the lattice parameters of cubic MPd3 compounds, which 
when plotted as a function of M 3+ ionic radius are seen to fall on a straight line, s 
yield a value for the ionic radius of U that is consistent with U being tetravalent in 
MI-,U=Pd3.  
2.1. Non  Fermi  Liquid Properties 
The existence of a Kondo effect in the MI-~U~Pd3 (M = Sc, Y) system for 
x < 0.3 is evident from the electrical resistivity p(T), which increases logarithmically 
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Table 1. Approximate TK values (in K) for M I - , U ,  Pd3 (M = Sc, Y), estimated as 
the temperature at which Ap(T)/Ap(O) = 0.8. 
x 11o.o2 0.05 o .11o.2  I o.z __3 
-~  ~176176 ~176 ! Y 200 160 140 spin glass 
aNot measured. 
with decreasing temperature at high temperatures T > TK. 1 Data for Scl-zUzPd3 
are shown in Fig. 3.1~ The U contribution to the resistivity Ap(T) was estimated by 
subtracting p(T) of the host MPda compound. Estimates of the Kondo temperature 
TK as the temperature at which the normalized resistivity Ap(T)/Ap(O) equals 0.8 
yield TK values which increase with decreasing z, in accordance with Fermi level 
tuning. Approximate values are listed in Table 1. At low temperatures T << TK, 
p(T) does not saturate quadratically as 
Ap(T) _ 1 - a(T/TK) n (2) 
~p(0) 
with n = 2 which is expected for a conventional Kondo effect and reflects the 
behavior of a Fermi liquid. Rather, we find n ~ 1.0 =[: 0.2 for all M = Y samples in 
the temperature range T < 20 K. Power law fits for M = Sc are shown as solid lines 
in the inset of Fig. 3 with slopes which correspond to n = 0.9, 1.4, and 1.0 5= 0.2 for 
z = 0.1, 0.2, and 0.3, respectively. Taking a value for a of 0.23, values of TK from 
these power law fits vary from ,,~40 K for z = 0.2 to ,,,500 K for ~ = 0.05 for M = 
Y, and from ,,~70 K for z = 0.3 to ,,~2900 K for M = Sc. It is difficult to determine 
the power law temperature dependence of p(T) for smaller values of x because of 
the large values of TK which yield small dp(T)/dT slopes at low temperatures. 
In an attempt to approach the single impurity limit while holding TK approx- 
imately constant, we have made similar p(T) measurements on the series of alloys 
Y0.sTh0.2-~U, Pd3 (0.01 < x < 0.2), shown in Fig. 4. s Because nonmagnetic Th is 
tetravalent, the total concentration of tetravalent ions remains fixed at 0.2, which 
should yield a constant value TK ~ 40 K according to the Fermi level tuning sce- 
nario, everything else remaining constant. From a similar analysis of p(T), Tg 
appears to increase slightly with decreasing x, as listed in Fig. 4 (a). The low tem- 
perature power law fits to Eq. (2), shown in Fig. 4 (b), again yield exponents of 
n = 1.0 5= 0.1 in the temperature range T < 20 K. The electrical resistivity thus has 
a NFL linear temperature dependence at the lowest measured temperatures even 
for samples with U concentrations as low as 1%. The U concentration independence 
of this feature suggests that it is not due to interimpurity interactions. 
Recently, an Y0.sU0.2Pd3 polycrystalline specimen was investigated optically 
over a broad frequency, range from 15 to 105 cm -1 by Degiorgi e~ al. 11 Evaluation of 
the frequency dependence of the transport relaxation rate 7 "-1 at several tempera- 
tures reveals that r -1 increases linearly with decreasing frequency and temperature, 
This was interpreted as another manifestation of NFL behavior in the YI- ,U~Pd3 
system. 
Shown in Fig. 5 is the uranium contribution to the specific heag AC, plotted as 
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Fig. 4. (a) Normalized electrical resistivity Ap(T)/Ap(O) versus logT for the 
Y0.sTh0.~-~U, Pd3 (0 < x < 0.2) system revealing Kondo behavior with a Kondo 
temperature TK which increases only slightly with decreasing x. 
(b) Low temperature resistivity data (T _< 20 K) plotted as log(1 - Ap(T)/Ap(O)) 
versus log T. Solid lines represent fits to a power law Ap(T)/Ap(O) = 1-a(T/TK) '~, 
with n = 1.0=t=0.1 for all samples, exhibiting NFL behavior. This value is in between 
that  expected for single channel (n = 2) and two channel (n = 1/2) S = 1/2 Kondo 
models. From Ref. 8. 
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Fig. 5. Low temperature specific heat A C / T  versus log T for various Kondo alloys 
which exhibit a T = 0 logarithmic divergence, a non Fermi liquid behavior. Solid 
lines are fits of the data to the two channel, S = 1/2 Kondo model plus a constant 
B': A C / T  = -(0.251/TK)R ln(T/O.41TK) + B'. The associated entropy suggests a 
finite zero temperature entropy of S(0) ~ (R/2)ln(2). From Ref. 8. 
A C / T  versus logT, for several samples which display a characteristic logarithmic 
divergence over the temperature range 0.7 K ~< T <10 K, including Y0.sU0.2Pda, 
Y0.pU0.1Pd3, Y0.sTh0.1U0.1Pd3, and Sc0.TU0.aPda. s Such NFL behavior is in strik- 
ing contrast to a conventional Kondo effect where A C / T  approaches a constant 
value which varies as 1/TK at low temperatures T << TK. At higher temperatures, 
the data increase sharply due to difficulties in subtracting the phonon contribu- 
tion and/or a Schottky anomaly arising from an excited state CEF level above the 
ground state. The solid lines represent least squares linear fits of the data to the 
equation A C / T  = A In T +  B. (Here, In represents the natural logarithm): Irrespec- 
tive of the microscopic mechanism responsible for such NFL behavior, it is useful 
to investigate how the data scale with the characteristic energy of the system, the 
Kondo temperature TK, according to 
ACIT  = (-A'RITK)ln(TIbTK) + B', (3) 
where A I, b, and B ~ are constants and R is the gas constant. [f we assume this 
form of scaling with TK, larger logarithmic slopes (coefficient A) correspond to 
smaller values of TK. Using values b = 0.41 and A ~ = 0.251 (the value for a two 
channel Kondo effect), one can extract a value for TK from the slope A of these. 
lines, and B ~ from the offset B. Values for B ~ are comparable to measured values 
of the linear coefficient of the specific heat 7 for the host metals: 7 ~ 3.5, 6.9, 
and 8.2 mJ/mol  K 2 for YPd3, 7 Y0.sTh0.2Pda, and ScPda, 7 respectively, which have 
not been subtracted from the data. A hybridization broadened Schottky anomaly 
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Fig. 6. Specific heat C/T versus logT to temperatures as low as 80 mK for three 
of the Kondo alloys from Fig. 5, measured in a 3He-4He dilution refrigerator. Solid 
lines are fits of the data to the two channel, S = 1/2 Kondo model plus a constant 
B I" 
at higher temperatures can also contribute to B ~. Especially noteworthy is the 
behavior of the more dilute compound Y0.sTh0.lU0.1Pd3 which is nearly identical 
to that  of Y0.sU0.2Pd3, which suggests that the observed NFL behavior is not due 
to interimpurity interactions which decrease with decreasing U concentration, but 
is dominated by single impurity effects. Parameter values for Sc0.TU0.3Pd3 are also 
comparable to those for Y0.sU0.2Pd3. Fits of the AC/T data for Y0.gU0.1Pd3 yield 
a larger TK value than for Y0.sU0.2Pd3, in agreement with the resistivity data and 
Fermi level tuning mechanism. 
A remarkable aspect of the specific heat data is that the associated entropy 
S(T) for all of these samples saturates to a value close to (R/2) In(2) before contin- 
uing to increase due to the higher temperature upturns in AC/T seen in Fig. 5.1 
This suggests a finite zero temperature entropy of the same value, in order that the 
full degeneracy of the ground doublet be recovered at high temperatures. Such an 
unusual T = 0 entropy is predicted for the two channel, S = 1/2 Kondo model. 12 
However, this entropy is expected to be removed at low but finite temperatures due 
to any weak interactions which might lift the ground state degeneracy. 
The results of recent heat capacity measurements on several samples in the 
Yl -~(ThyUl-y) ,Pd .3  series taken in a 3He-4He dilution refrigerator to tempera- 
tures as low as 80 mK are shown in Fig. 6. The logarithmic temperature depen- 
dence of C/T persists down to about 0.5 K. Straight lines through the C/T data 
above 0.5 K over the limited temperature range shown correspond to TK = 40 K, 
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B' -- 0.132, for Y0.sU0.2Pda and Y0.sTh0.1U0.1Pds and TK = 680 K. B'  -- 0.1t7. 
for Y0.9U0.1Pd3. The C / T  data for Y0.sU0 2Pd3 in Fig. 6 are somewhat higher 
than the corresponding data in Fig. 5: the origin of this discrepancy is presently 
under investigation. Below ~ 0.5 K, C / T  rises dramatically without any sign of 
saturation down to the lowest temperature studied. This behavior is similar to that 
previously found by Ott et al. for Y0.sU0.2Pda who reported that the upturn in 
C / T  persisted to at least 0.05 K. la The deviation away from logarithmic depen- 
dence is well described by A C / T  = AT  -2. which is the temperature dependence of 
a Schottky anomaly in the high temperature limit. The magnitude of A from the 
measurements of Ott et al. la is too large for a nuclear Schottky anomaly, but for a 
two level electronic Schottky anomaly corresponds to a level splitting of 2.5 inK, It 
has been suggested previously 8 that this rise may account for the missing entropy 
of ~ (R/2)ln(2).  Our results are consistent with this proposition 
The magnetic susceptibility of MI-~U~Pd3 (M = Sc. Y. La), as well as 
that of YI-~(ThyUI-~)~Pd3,  exhibits a Curie-Weiss temperature dependence 
N # ~ f j / 3 k B ( T  - 0p), where N is the number of U ions. ~eff  is the U effective 
moment, and 0p is the Curie-Weiss temperature, at high temperatures T > 150 K. 
after subtraction of a temperature independent background term X0.1 The effec- 
tive moment is close to the free ion value for either tetravalent or trivalent U. The 
Curie-Weiss temperature 0p is large and negative, indicative of antiferromagetic ex- 
change interactions, with a magnitude that correlates with the Kondo ~empera~ure 
such that ]8pl ~ 4TK, typical of Kondo systems. The TK inferred from 0p is as- 
sociated with the antiferromagnetic exchange interaction between the conduction 
electrons and the excited magnetic states which are thermally populated at higher 
temperatures. 
At low temperatures, x(T) of M~-~UxPd3 (M =Y,  Sc) increases more rapidly 
with decreasing temperature than the Curie-Weiss temperature dependence, and 
continues to increase with positive curvature down to the lowest measured temper- 
ature for x _< 0.2 and 0.3 for M = Y  and Sc, respectively. This is in contrast to 
the Fermi liquid behavior of the single channel, S = 1/2 Kondo effect in which 
x(T) becomes temperature independent for T << TK due to screening of the im- 
purity moments by the conduction electrons. The precise temperature dependence 
of x(T) at the lowest temperatures is masked by the possible presence of magnetic 
impurities other than U. We have estimated and subtracted the impurity contri- 
bution of Y0.sU0.2Pda through analysis of isothermal M ( H )  curves as described 
elsewhere, 2 yielding the intrinsic susceptibility at various temperatures from 0.6 K 
to 40 K shown in Fig. 7. The x(T) data are well described by the equation 
x(T) : X(0) (1 - c(T/TK)I /~) ,  (4) 
represented by the solid line in Fig. 7. The data appear to exhibit a T 1/2 tempera- 
ture dependence over a wide temperature range, down to the lowest temperatures, 
extrapolating to a value of 5.9 x 10 -3 emu/mol U at T = 0. If we assume TK = 
42 K, then from the fit we obtain c = 0.36. 
A number of other measurements have been performed on the YI-~U~Pd3 
system in order to further characterize and explore the NFL behavior in this sys- 
tem. Thermoelectric power S(T) measurements from 2-200 K have been made in 
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Fig. 7. Intrinsic magnetic susceptibility Xint versus square root of the temperature 
for Y0.sU0 2Pd3. The solid line represents a fit of the data to the equation x(T) = 
X(0)(1 - c(T/TK)I/2), where X(0) = 5.9 • 10 -3 emu/mol U and c = 0.36 for TK = 
42 K. From Ref. 2. 
YI-~U=Pd3 in the range 0 < z < 0.4.14 The behavior of S(T) for x = 0.05, 0.1 is 
reminiscent of typical Kondo materials in the sense that there is a "giant" positive 
contribution linear in T at low temperatures and independent of z. However, this 
result suggests that TK is independent of x, in contrast to the p(T), C(T), and x(T) 
measurements discussed herein. At high temperatures, S(T) changes from positive 
to negative as x is varied from 0.1 to 0.3, suggestive of a cross-over or transition 
in electronic structure near z = 0.2. The spin-glass transition of the z = 0.3, 0.4 
alloys is signaled by a zero-crossing of S, similar to that observed for conventional 
spin glasses. 
2.2. Fe rmi  Level T u n i n g  in  the  ( Y l - y T h y ) l - , U = P d 3  Sys tem 
Besides Fermi level tuning, the substitution of U 4+ for y3+ in the YI-=UzPd3 
system has the additional effect of increasing the U intersite interaction strength as 
x is increased which leads to spin-glass freezing below a characteristic temperature 
Tsa that increases with x. In order to study the effect of the increase of IEF - E h / I  
on TK, with U intersite interactions held constant to first approximation, we have 
performed measurements of p(T), x(T), and C(T) as functions of y for a fixed value 
x = 0.1 in the (Yl_yThy)a_=U~Pd3 system. 15 The data clearly reveal the scaling of 
the physical properties with T/r and the phenomenon of Fermi level tuning in this 
system. 
Shown in Fig. 8(a) are plots of p versus T between 1.2 K and 300 K for 
Y0.9-yThyU0.1Pd3 samples with y = 0, 0.1, 0.2, 0.3, and 0.4. The p(T) data for 0 
< y < 0.2 reveal that p increases with decreasing T, indicative of a Kondo effect. 
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Fig. 8. Temperature T dependence of the electrical resistivity p, magnetic suscepti- 
bility X, and electronic specific heat AC of the Yo.9-yThyU0.~Pdz (y = 0, 0A, 0.2, 
0.3, 0.4) system: (a) p versus T; (b) (X -Xo) -~ versus T, where Xo is defined in the 
text; (c) A C / T  versus lnT. From Ref. 15. 
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The increase of the temperature dependence of p with y for 0 _< y _< 0.2 suggests 
that TK decreases with y, consistent with Fermi level tuning. 
Displayed in Fig. 8(b) are plots of (X - X0) -1 versus T between 1.8 K and 
300 K, where X0 was determined by fitting the )c(T) data to the sum of a constant 
X0 and a Curie-Weiss law. Below ,-* 100 K, the (X -X0)  -1 versus T data fall below 
the linear fits to the higher T data and approach a finite value as T --~ 0, indicative 
of a nonmagnetic ground state, which is presumably the U F3 nonmagnetic doublet. 
The magnitude of the negative Curie-Weiss temperature 10p[ decreases exponentially 
and saturates to a value of 57 K for large y. A comparable x-independent value of 
0 v was observed for the related system Lat-~U~Pd3 which does not show a Kondo 
effect. This decrease is consistent with the decrease of TK with y inferred from the 
p(T) data of Fig. 8(a) since for Uondo systems, ]0p[ ~ 3 - 4 T K .  
Presented in Fig. 8(c) are plots of AC/T versus l n T  for Y0.o-yThyU0 1Pd3 
between --~ 0.5 K and 20 K. The increase of the magnitude of the slope 
Id(AC/T)/dlnT[ with y is consistent with a decrease of TK with y. The features 
in the AC/T versus l n T  data at ,,~ 1 K (a shoulder) for the sample with y = 0.2 
and at ~ 2.4 K (a maximum) for the samples with x = 0.3 and 0.4 may be due 
to the splitting of the F3 nonmagnetic doublet ground state, which is analogous 
to Zeeman splitting of the magnetic doublet for a magnetic two-channel Kondo ef- 
fect. It is interesting that the evolution of the shape of the AC(T) curves with y 
resembles that of the calculated AC(T) curves for a two channel magnetic Kondo 
effect in the presence of an applied magnetic field) 6 Such a splitting of the U F3 
doublet could arise from a local charge asymmetry or distortion of the lattice from 
cubic symmetry about a U site due to the substitution of Th. An analysis of the 
slope [d(AC/T)/dlnT I within the context of the two channel Kondo model yields 
a decrease of TK with y, similar to that deduced from the x(T) data. 
2.3. C rys t a l l i ne  Elect r ic  Fie ld  Ene rgy  Level Scheme for U 4+ 
In order to understand the microscopic origin of the observed NFL behavior in 
the thermal, transport, and magnetic properties, it is important to determine the 
CEF energy level scheme of the U 5f electrons. Tetravalent U ions have two local- 
ized 5f electrons (5f 2),which have a Hund's rules magnetic ground state multiplet 
configuration 3H4 (S -- 1, L = 5, Y = 4). In a cubic CEF, the 9-fold degeneracy is 
lifted, leaving a F1 singlet, ]?4 and F5 triplets, and a F3 nonmagnetic (non Kramers) 
doublet. 17 According to Lea, Leask, and Wolf, it is possible for either the F1, F3, or 
F5 state to lie lowest in energy. These states, in turn, can hybridize with conduction 
electron states leading to Kondo, heavy fermion, or intermediate valence behavior. 
For aetinide compounds, the CEF splitting and hybridization energy scales are often 
comparable and can range from 1 K to 103 K. 
Previous inelastic neutron scattering measurements on Y0.sU0.2Pd3 at 10 K re- 
vealed two magnetic peaks centered at energies E ~ 5 meV and 16 meV, attributed 
to hybridization broadened CEF levels, with integrated intensities consistent with 
F5 and F4 first and second excited state triplets, respectively, lying above a F3 dou- 
blet ground state, is For a magnetic Kondo effect, one expects to observe quasielastic 
scattering with a half width of the order of kBTK, which for Y0.sU0.2Pd3 is at least 
4 meV. The absence of a pronounced low energy quasielastic response provided 
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further evidence that the nonmagnetic F3 doublet lies lowest in energy. 
The possibility of a low energy quasielastic response was investigated further by 
performing inelastic neutron scattering at low energies. Low temperature (,-, 1.5 K) 
data with ~ 0.5 meV resolution showed no indication of substantial scattering below 
the first CEF peak at ~ 7 meV, while higher resolution (0.1 meV) measurements 
up to 0.6 meV showed no scattering above ~ 0.2 meV. In an at tempt to identify 
the magnetic scattering even at zero energy transfer, polarized measurements of the 
spin flip scattering by subtracting the spectra taken using a vertical field from that  
using a horizontal field are in progress. 
The P3 state consists of two degenerate singlet states which can be expressed 
as linear combinations of the Jz eigenstates IJ~) as 0.5401(14 ) -t-I - 4)) -- 0~6455[0) 
and (1/v/2)(12) + l -  2}). It is apparent that the magnetic moment, which i s propor- 
tional to the expectation value of Jz, (F31Jz IF3), vanishes. However, the expectation 
value of the z-component of the electric quadrupole moment, which is proportional 
to ( r313J~  - J(J + 1 ) i r a ) ,  is finite. Thus, an electric field gradient, which can 
be obtained through the application of uniaxial stress or some other interaction 
which drives the system away from CEF cubic symmetry, will induce a net electric 
quadrupole moment on the impurity in which the charge distribution of the 5f elec- 
trons in the F3 state no longer has spherical symmetry. It is this charge asymmetry 
that the conduction electrons overcompensate through the two channel quadrupolar 
Kondo effect (QKE). While it is not clear that a QKE is responsible for the NFL 
low temperature behavior in the YI-~U~Pds system, the ground state does appear 
to be a F3 nonmagnetic doublet with an electric quadrupole moment so that the 
conditions for a QKE seem to be satisfied. However, recent elastic constant mea- 
surements on a polycrystalline specimen of Y0.sU0.2Pd3 by Amara et al. 19 revealed 
no strong variation with T as expected for a quadrupolar interaction. 
3. T H E  UI_~Th~Pd2A13 S Y S T E M  
In 1991, Geibel et al. discovered two new U-based heavy fermion supercon- 
ductors, UNi2A132~ and UPd2A13, 21 which crystallize in the hexagonal PrNi2A13 
structure. These two compounds exhibit the coexistence of superconductivity and 
antiferromagnetism (AFM) with Tc < TN; for UNi2A13, T~ ~ 1 K and TN = 4.6 K, 
while for UPd2AI~, Tc ~ 2 K and TN = 14.6 K. 
The compound UPd2A13 has the highest Tc of the heavy fermion superconduc- 
tors and a large ordered magnetic moment of 0.85 #B, 22 in contrast to the small 
ordered moments (~ 0.02 #e)  observed for URuzSi2 ~3 and UPt3, 24 two other heavy 
fermion compounds in which superconductivity and AFM coexist with T~ < TN. 
The antiferromagnetic structure of UPd2A13 consists of alternating ferromagnetic 
sheets, with the moments lying in the hexagonal basal plane. 22 The temperature 
dependence of the upper critical field is consistent with singlet superconductivity 
and the antiferromagnetic transition appears to involve the opening of a 30 meV 
gap over part of the Fermi surface, 2s similar to that observed in Ul~u2Si2.26 
In an effort to find new examples of NFL behavior, we embarked on an investi- 
gation of the UI- ,Th,Pd2A13 system about a year ago. Our initial studies revealed 
NFL behavior in the low temperature physical properties of this system 2' 27 which we 
have characterized in more detail during the past year. Based upon measurements 











D ~  
0 
0 0.2 
I I I 
o C(T) / 
TK" ~' p(T) / 
I I I 
0.4 0.6 0.8 
X 
Fig. 9. Low temperature phase diagram of the UI_=Th=Pd~A13 system. As the 
Th concentration x is increased, the Nell temperature TN and the superconducting 
critical temperature Tc decrease slightly, but the features associated with AFM and 
superconductivity are rapidly suppressed and eventually become undetectable. The 
line in the right hand side of the figure represents the estimated value of the Kondo 
temperature TK. 
of p(T), C(T), and x(T), which will be briefly reviewed below, the low temperature 
phase diagram of the UI_~Th~Pd2A13 system shown in Fig. 9 has been established. 
However, this phase diagram is incomplete near z = 1 since we have discovered 
during the course of this investigation that the compound ThPd2Al3 is supercon- 
ducting with a Tc = 0.2 K. This is an extraordinary result, since it is the first case 
where a Ce or U heavy fermion superconductor has an isostructural counterpart 
based on a rare earth or actinide element with an empty or filled f-electron shell 
(i. e., Sc, Y, La, Lu, Th) which is also superconducting. We are presently measuring 
the To(x) curve for the UI-=Th=Pd2A13 system near x = 1. 
Electrical resisitivity p(T) data for the U1-xThxPd2A13 system for various 
values of x between 0 and 1 are shown in Fig. 10. With increasing x, the Negl 
temperature TN remains nearly constant up to x = 0.4, while the drop in p below 
TN is rapidly suppressed. For values of z _> 0.6, no magnetic ordering is evident and 
p(T) exhibits single ion Kondo like behavior. However, p(T) is nearly linear over 
an appreciable temperature range between about ~ 4 K and ,,~ 30 K, indicative 
of NFL behavior and similar to that observed for the Mt-=U~Pd3 (M = Sc,Y) 
systems discussed in the preceding section. The resistivity p(T) levels off below 
4 K, suggesting that the degeneracy of the conduction electron channels or the 
localized electron spin or charge degrees of freedom has been removed by some type 
of residual interaction, producing an evolution towards single channel FL behavior. 
Plots of log(1 - Ap(T)/Ap(O)) versus logT between 0.1 K and 20 K for 
x = 0.6,0.8,0.9, and 0.95 are shown in Fig. 11. The U contribution Ap to the 
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Fig. 10. Electrical resistivity p(T), normalized to its room temperature value 
p(300 K), versus temperature T for the UI_~Th~Pd2AI~ system for various val- 
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Fig. 11. Low temperature electrical resistivity data (T < 20 K) plotCed as 
log(1 - A p ( T ) / A p ( O ) )  versus logT.  Solid lines represent fits to a power law 
A p ( T ) / A p ( O )  = 1 - a ( T / T K )  '~, with n ~ 1, indicative of NFL behavior. 
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Fig. 12. Specific heat divided by temperature C/T versus T of UI_=Th.Pd2At3 for 
various values of x between 0 and 1. 
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Fig. 13. Low temperature specific heat divided by temperature, C/T,  versus logT 
for UI_~Th=Pd2A13 alloys with x = 0.4, 0.6, and 0.8. 
resistivity was estimated by subtracting the resistivity of ThPd2A13 from that of 
each UI-,Th=Pd2A13 alloy to remove the phonon background contribution, at least 
to a first approximation. In the range 4 K < T < 20 K. the data in Fig. 11 can 
be described by the relation Ap(T) = Ap(0)(1 -a(T/TK) '~) ,  yielding values for the 
residual resistivity Ap(0), the slope n, and the intercept a/TK. Taking a = 0.1 to 
achieve agreement with the TK values calculated from the measured heat capacity, 
the fits yield the following values of n and TK: n = 1.0, 1.1, 9.95, 1.4;TK = 22 K, 
21 K, 22 K, 35 K; for x = 0.6, 0.8, 0.9, 0.95, respectively. 
Displayed in Fig. 12 are plots of C/T versus logT for various values ofx between 
0 and 1 for UI_~Th=Pd2A13. The specific beat anomalies due to AFM at TN and 
superconductivity at To, which are evident in the data for z = 0. are rapidly sup- 
pressed with increasing x, similar to that observed in the U I _ , T h ,  Ru~Si2 system. 2s 
A l n T  divergence in the C/T data, emerging in the sample with x = 0.2. is fully 
developed for the samples with x = 0.4,0.6, and 0.8. Plots of C(T)/T,  per mole 
U K S, versus log T are presented in Fig. 13 for the samples with x = 0.4, 0.6, and 
0.8. Analysis of the specific heat data in terms of the two-channel spin 1/2 Kondo 
formula yields values of TK of 26 K, 18 K. and 21 K, for 9 = 0.4, 0.6, and 0.8, re- 
spectively, in good agreement with the values inferred from the electrical resistivity. 
Experiments are in progress to determine whether the specific heat exhibits a sharp 
upturn below ~ 0.4 K, as it does in the Y I - , U ,  Pd3 system. 
Figure 14 contains plots of the magnetic susceptibility X versus temperature 
for the UI-=Th=Pd2AI3 system for various values of x in the range 0 < a < 1. The 
x(T) data for UPd2AI3 exhibit a maximum near 40 K and an abrupt drop at T2v = 
14.5 K. With increasing a, the maximum in x(T) is suppressed until it disappears 
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Fig. 14. Magnetic susceptibility X versus temperature T for the UI_~Th~Pd2A13 
system for various values of x between 0 and 1. 
at x = 0.1 and, below 10 K, is accompanied by an increase i n x  with decreasing 
temperature. For values of x > 0.2, x(T) follows a Curie-Weiss law between 
50 K and 300 K; the effective magnetic moment p~]] and Curie-Weiss temperature 
0p vary somewhat with x and have values #~ff ,~ 3.4pB and 0i, ~ -40  K in the 
NFL regime x _> 0.8. Since for Kondo systems, 10p[ ~ 3 - 4 TK, this suggests a 
value TK ~ 10 K, in reasonable agreement with values of TK obtained from the 
scaling of the electrical resistivity and specific heat. At lower temperatures, the 
x(T) data can be described by the relation x(T) = X(0)(1 - c(T/TK)I/2), with 
values of TK in reasonable agreement with those obtained from p(T) and C(T) for 
c = 1.15. The values of TK are plotted in the low temperature phase diagram for 
UI-=Th=Pd2A13 (Fig. 9), along with the values determined from p(T) and C(T). 
We have also compared the x(T) data to the two-channel spin 1/2 Kondo model 
result x(T) ,,, (--1/TK)ln(T/cTK) where e = 2.2 (T << TK). However, the fits are 
only qualitatively satisfactory and give values of TK that have a different dependence 
on x than those obtained from p(T) and C(T). 
4. T H E  UCus_=Pd= S Y S T E M  
The family of compounds UCu~_=Pd= is unique among the uranium based in- 
termetallics known to have NFL scaling properties as it is a concentrated moment 
system. All x ~< 2.5 share the common AuBe5 structure, characterized by a periodic 
uranium lattice with two inequivalent copper sites29 The parent compound UCu5 
is a Kondo lattice antiferromagnet with Nefil temperature TN=15 K a~ and a Kondo 
temperature of ~ 102 K, taken from the quasielastic linewidth in inelastic neutron 
scattering experiments, m With Pd doping x, the AFM is quickly suppressed, van- 
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Fig. 15. X'(w) for UCn4Pd at constant temperatures ranging from 12 K to 300 K. 
Inset: three qualitatively different regimes are observed in the response: I. ~ >_ '~*: 
X"(~z ,T )  ,~ ( w / T o ) / [ 1  + (w/To)2] .  II. ~ KK T :  X " ( w , T )  ~ w / T " , ,  = 1 ~= i/3.  III. 
>> T : X " ( w , T )  ~ w -~/3 .  Solid line: w*(T), dashed line: ,~ = T. From Ref. 33 
ishing for x between 0.5 and 1. 29'32 A spin glass regime is observed for x >_ 2. 
The intermediate values x = 1, 1.5 display no long range order of any kind at the 
lowest temperatures, although thermal and transport measurements at tempera- 
tures below .v 20 K reveal that both have remarkable temperature and magnetic 
field scaling. 2'32 These NFL properties are similar to those found m the dilute mo- 
ment systems like Y0.sU0.~Pd3 described above, with the electrical resistivity p(T) 
1 - a ( T / T o ) ,  the specific heat C ( T ) / T  ~ ( - l /T0)ln(T/bTo) ,  and static magnetic 
susceptibility x ( T )  ~ 1 - c ( T / T o )  1/2 for both UCu3.~Pdl.5 and UCu4Pd. These 
weak low temperature divergences suggest the existence of magnetic excitations 
with unusual scaling properties. 
We have used neutron time of flight measurements 33 performed for energy 
transfers between 0.5 meV and 400 meV at temperatures from 10 K to 300 K co 
study the frequency/temperature scaling properties of these excitations. Although 
both systems display virtually identical temperature dependences in p, C. and X, the 
nature of the magnetic excitations for UCU3.bPdL5 and UCu4Pd are qualitatively 
different from those of Y0.sU0.2Pd3 .]s'34 The uranium ions in the latter compound 
have a nonmagnetic ground state, and a magnetic response S(~) consisting of two 
inelastic crystal field levels at ~ 5 meV and ,,, 16 meV. In contrast, we have found a 
broad, quasielastic magnetic response S(w) which is virtually identical for UCu4Pd 
and UCu3.sPdL~, indicative of a magnetic ground state for the uranium ions with 
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Fig. 16. X"(w,T)T 1/3 has almost identical universal scaling properties for 
UCu4Pd (filled circles) and UCun.sPdl.5 (open circles). Data with energy trans- 
fers w > 25 meV are not included in this plot. Solid line: X'(w,T)TW3 
(Tlw) TI3 tanh(w/1.2T). From Ref. 33 
no evidence for distinct crystal field excitations. Further, S(w) displays no apprecia- 
ble wavevector dependence beyond that  of the U3+/U 4+ magnetic form factor so in 
every case we have summed the magnetic response over experimental wavevectors. 
The detailed frequency and temperature dependences of the dynamical suscep- 
tibilities X(w, T) of UCus_~Pd~ (x = 1, 1.5) are obtained from S(w, T) by 
s(~) : (~(~) + ~)f'(~, T) (5) 
where n(w) + 1 is the thermal occupation factor. The resulting X"(w,T) is de- 
tailed for UCu4Pd in Fig. 15. As schematically indicated in the inset, there 
are three qualitatively different regimes of behavior. At every temperature, a 
quasi-Lorentzian regime is found for energy transfers w > w* ~- 25 rneV. Here, 
X"(~, T) = Xnor(w/r)/(1 + (w/F) 2) has a weak temperature dependence stemming 
from that  of XLor and r .  For w < w*, %'(w,T) is well described by a universal 
scaling relation 
X"(w,T)T I/3 : (T/w)I/3Z(w/T) (6) 
demonstrated in Fig. 16 for both UCu4Pd and UCu3.sPdl.5. While our choice 
may not be unique, it is clear from Fig. 16 that Z ~ tanh(w/1.2 T) fits the data  
very well. Z ~ l / (n (w)  + 1) is another intriguing possibility, although this scaling 
function fails for T > w*. 
The scaling behavior found for w < w* represents a qualitatively new type 
of magnetic response for an f-electron based system. It is interesting to investigate 
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Fig. 17. A Comparison of the measured static susceptibility )~(T) to that calculated 
from the measured dynamical susceptibility (see text) for energy transfers larger 
(filled triangles) and smaller (open triangles) than w* = 25 meV. Integrating over 
the total response for 1 meV < w < 200 meV (open circles) accounts for virtually 
the entire measured x(T). 
how these unusual excitations are reflected in the temperature dependences of static 
properties, in particular, the static susceptibility x(T). A Kramers-Kronig relation 
links X"(w, T) and x(T): 
- - ~o dw~-l/3~(~/T) + ~ d~(l+(~/T)2)" x(T) = ~r .Io ~ 
(7) 
That is, both the NFL like excitations for ~ < ~* and the higher energy localized 
magnetic excitations contribute, in principle, to the temperature dependence of the 
measured x(T).  We have performed numerical integrations over both of the terms 
appearing in Eq. (7) to determine the relative magnitudes of the two contributions 
in UCu4Pd, depicted in Fig. 17. 
The high energy, localized moment excitations (w > w*) make a Curie-Weiss 
like contribution to X0, which is almost temperature independent for T < 300 K. 
The temperature dependence of x(T) is consequently dominated for 85 K < T < 
300 K by the low energy excitations (w < ~o*), and reflects their unusual scaling 
properties. As demonstrated in Fig. 17, the sum of these two terms agrees very 
well with the measured static susceptibility x(T),  indicating that relatively little of 
the magnetic response falls outside our experimental energy window, 1 meV < w <_ 
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200 meV. However, extending this window to lower energy transfers is imperative to 
establish whether the non Fermi liquid scaling properties of the excitations we have 
observed correspond to true critical scattering related to a T = 0 K phase transition 
or, alternatively, represent an intermediate temperature/frequency crossover regime 
preceding the actual critical regime. 
5. C O N C L U D I N G  R E M A R K S  
It is apparent that NFL behavior in f-electron systems is a general phenomenon. 
Low temperature NFL characteristics have been identified in the physical proper- 
ties of nearly ten f-electron systems. With a few possible exceptions (e.g., UBe1335), 
all of the examples of NFL behavior in f-electron systems are found in alloy sys- 
tems. The main result of the alloying process seems to be to "tune" the system 
into the NFL regime, although the alloying also introduces disorder into the system~ 
which may also play an important role. The NFL behavior is found in two types 
of systems: (1) Systems containing small concentrations of rare earth and actinide 
ions with partially-filled f-electron shells, where the NFL behavior appears to be a 
single ion effect. Examples of this type of system include MI-~U~Pd3 (M--Sc,  Y), 
Thl_~U~Ru2Si2, ss Lao.sCeo.lCu2Si~, 37 and UI_~Th~Pd2Als for small U concentra- 
tions. (2) Systems containing large concentrations of rare earth or actinide ions with 
partially-filled f-electron shells, which sometimes form an ordered sublattice, where 
the NFL behavior appears to due to interactions between the ions. Examples of this 
type of system include CeCus.sAuo.13s and UCu3.sPdl.s. 32 In the CeCus_~Au~ sys- 
tem, the NFL regime exists in a narrow range of x-values between a nonmagnetic 
heavy fermion ground state at x = 0 and an antiferromagnetically ordered state at 
x = 0.2. 
Many of the f-electron systems in which NFL behavior is found exhibit the 
Kondo effect as evidenced by an increase of the electrical resistivity with decreasing 
temperature and a magnetic susceptibilitiy • at high temperatures (T >> TK) that 
follows a Curie-Weiss law with a negative Curie-Weiss temperature ]0pl ~ ( 3 - 4  TK). 
In the cases where TK can be estimated from the In T behavior of the electrical re- 
sistivity or the Curie-Weiss temperature, the NFL behavior occurs at temperatures 
much less than TK. The NFL behavior is manifested in the temperature depen- 
dences of the electrical resistivity, specific heat, and magnetic susceptibility for 
T << TK: p(T) ~ 1 - a T / T K  where a can be > 0 (usual Kondo effect) or < 0, 
C ( T ) / T  ~ (--1/TK) ln(T/bTu), and x(T)  ~ 1 - c(T/TK) 1/2, where lah b, a n d  c are 
constants of the order of unity. These low temperature properties scale with TK 
where TK is comparable to the value determined from the high temperature Kondo 
behavior when a > 0. This is summarized in Table 2, which is an updated version of 
a table we first presented in reference 2. However, these temperature dependences 
of p, C, and )r have also been observed in f-electron systems in which a Kondo 
effect has not been clearly identified. Therefore, we refer to a characteristic tem- 
perature To that  is equal to 7~; in the systems where the Kondo effect is operative. 
The two new entries are for M0.1U0.sNi2A133s (M = Pr, Th) and Cei_~ThxRhSb. 4~ 
Materials conforming to these temperature dependences are indicated by "yes" and 
the exceptions by an entry describing the behavior, or a "dash" where the behav- 
ior has not yet been established. As we stated in reference 2, taken of face value, 
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Table 2. Examples of f-electron systems which exhibit characteristic non Fermi 
liquid behavior in the low temperature electrical resistivity p(T) ~ 1 - aT/To, 
specific heat C ( T ) / T  ~ (-1/To)ln(T/bTo),  and magnetic susceptibility x(T) 
1 - c(T/To) 1/2. 
System p C / T  ~( T~ (If) 
La0.9Ce0.1Cu2Si2 yes yes - -  9 
M I - , U , P d a  (M = Sc, Y) yes yes yes 40-220 
UCu3.sPdl.5 yes yes yes 28 
Uz-,Th~Pd2A13 yes yes yes 20 
M0aU0.9Ni2A13 (M = Pr, Th) - -  yes yes 200 
Cel_ ,Th, t{hSb - -  yes - -  33 
T h l _ , U ,  Ru2Si2 (a<0) yes - ln(T/bTK) 11 
U0.9Th0.1Be13 (a<0) yes yes 8 
CeCua.gAu0.1 (a<0) yes yes 3.5 
*Deduced from the slope A = d ( C / T ) / d l n T  of the logarithmic divergence in the 
specific heat: To = -0 .251R/A 
the results presented in Table 2 suggest that the low temperature behavior of the 
electrical resistivity, specific heat, and magnetic susceptibility of f-electron systems 
that exhibit NFL behavior have some common characteristics, irrespective of the 
microscopic mechanisms responsible for the NFL behavior. 
Since many examples of NFL behavior are found in f-electron systems that ex- 
hibit the Kondo effect, the multichannel Kondo model would be expected to provide 
an explanation since it predicts that the physical properties have NFL characteris- 
tics at low temperatures T << T~c. The two-channel spin 1/2 Kondo model does. 
in fact, give C ( T ) / T  ..~ (--1/TK)In(T/bTK), which agrees with experiment, but 
predicts that  p(T) ,'~ 1 - a(T/TK ) 1/2 and x(T)  ~ (--1/TK ) ln(T/eTK ), in disagree- 
ment with experiment. The quadrupolar Kondo model, which maps onto the two 
channel spin 1/2 Kondo model, can account for the 1 - c(T/TK) 1/2 dependence of 
the magnetic susceptibility at low temperature. For a magnetic two channel spin 
1/2 Kondo effect, the magnetic susceptibility is also found to diverge logarithmi- 
cally at T = 0, while for a two channel quadrupolar Kondo effect, it is the electric 
quadrupolar susceptibility that diverges logarithmically. The quadrupolar suscepti- 
bility can be extracted from ultrasound measurements. For the quadrupolar Kondo 
effect, the magnetic susceptibility is van Vleck in character, resulting from cou- 
pling of the F3 ground state to the I'5 and ['4 magnetic excited states. 35 Cox and 
Makivic have estimated that x(T)  should vary like x(T)  = X(0)(1 c(T/TK) 1/2) 
at low temperatures, where X(0) is of the order of the van Vleck susceptibility and 
the coefficient c ~ 1. 41 As we have discussed in Section 2, this seems to be the case 
for YI_ ,U ,Pd3  where the ground state of the U 4* ions in the cubic CEF appears 
to be a ra nonmagnetic doublet. However, a quadrupolar Kondo effect would not, 
be expected to be appropriate for all of the other f-electron systems which exhibit 
NFL behavior. Furthermore, the quadrupolar Kondo model cannot account for the 
linear temperature dependence of the electrical resistivity. One system that does 
appear to satisfy the predictions of the quadrupotar Kondo model for p(T), C(T),  
and x(T),  is U0.gTh0.1Be13, according to recent measurements by Aliev et al., 4~ 
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although in this case the coefficient a that appears in the resistivity is negative. 
It will be interesting to see whether U is tetravalent in Uo.9ThoABei3 and has a 
nonmagnetic F3 doublet ground state in the cubic CEF. 
Andraka and Tsvelik 43 have raised several objections to the multichannel 
Kondo interpretation of the NFL behavior in YI-~U~Pd3 and other f-electron 
systems. One of these objections is based on specific heat measurements on 
Y0.sUo.2Pds where they find that the specific heat scales as C ( H , T ) / T -  
C(O, T) /T  = - f  (H/T ~) with/3 = 1.3 4- 0.1. They argue that a scaling dimension 
/3 greater than one precludes a single site interpretation of this phenomenon. More- 
over, it has been noted 44 that scaling of the magnetic field for a two channel spin 1/2 
Kondo effect has predicted scaling dimensions of 1/2 for the magnetic case 12 and 
1/4 for the nonmagnetic (quadrupolar) case, 45 well outside the experimental uncer- 
tainty of/~. A phenomenological theory for the NFL behavior of f-electron systems 
such as Y0.sU0.2Pd3 and UCu3.sPdl.5 has been proposed by Tsvelik and Reizer. 46 
According to this theory, the alloys have a critical point at T = 0 K so that their 
low temperature thermodynamics is determined by collective modes corresponding 
to fluctuations in the order parameter in the vicinity of a critical point, rather than 
single particle fermion excitations, as in a Fermi liquid. This scenario would seem to 
be applicable to the CeCus.gAuo.1 system, mentioned above. However, we caution 
that  the scaling exponents deduced from experiment so far lack internal consis- 
tency within the context of this particular theory. Nonetheless, the NFL behavior 
in systems such as YI-~U~Pd3 and UI-~Th~Pd2A13, which definitely do exhibit 
Kondo like features in p(T) and x(T) at high temperatures T < TK, persists into 
the dilute U concentration limit, suggesting that a single site mechanism such as a 
multichannel Kondo effect is operative. 
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